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A l ~ t r t j c (  

h d o l i  and chemical vapor deposition. A detailed kinetics inodel of this reaction, developed lo 
explain combustion data.[ i s  applied with slight modification to kinetic data from alinoapheric- 
presslire thcrnial chemicnl v q w r  deposition (Vvl)) d Sir); films2. Wie model i s  also ccwlpnretl t o  
:I (:I 1.1 uxid:itiori iiiudcl nntler the s:une (:VI) conditions, 10 elucichte ditkrcnces iii 111c mid:itiuii d 
SiH.i and C:HJ under mild conditions. A kcy diffcrencc stems from tlic rates and major products of 
IIic rcxlicm ufO2 v;itli Sill3 YS.  CH3 mlicals. 

1111 rocluction 

rmin the combustion chemistry coinmunity.~ as well as the most comprehensive effort t i l  (late 
(hcrcaftcr callcd RIW after i t s  authors' initials)1. Meanwliilc, matcrials scientist!, clcctrwiics cii- 
giiieers, and others have been interested for over 2.5 years in a controlled version of silane onitla- 
tion under mild conditions, an exaniple of the now widely used technique ofcheinical vapor tlcpo- 
sitiuii (cvrq.4 .rile interest of  this latter group steins frorii the fact that this reactioii caii prutlucc 
thin I'ilnis of SO?, useful for a variety uf purpuscs iii the seniicunductur iiidustly and elscwlicrc. 

rich iii kinetic information (deposition rates as a function o f  distance along the gas flow iii the rc- 
actor untler a variety o f  concentrations and temperatures) obtained under relatively simple condi- 
tions of fluid flow (laminar flow between parallel plates).2 The report (hcrealier called IjH after i t s  
authors' initials) i s  a source of data anienable to modeling. antl I attenipted to model that data using 
the WIW mechanism with only slight modification. The conditions eniployed by liH (atmospheric 
pressiire, low SiH4102 ratios, mild renctioti) are sufficiently different from !how for which the 
RIW nieclianisni was developed (ignition data over a range ofpreciirw) as to trst the rollwtilrss 
of the IWW mechanism. 

'llie questions I addressed are: Cali the BW nieclianisni adequately model the EH tlara? 
How sliould tlie mechanism be modified? What are tlie principal paUiways oCtlic nicchaiiisiii uii- 
der theconditions employed by EH? How do these pathways differ Croin those of methane i)xi(I:+ 
tion? 

Coli1 prltiltional Met hod 
Model growth profiles were obtained by numerically integrating the applicable differential 

equations for reaction and diffusion in two dimensions. The equations describing reaction in tlic 
SiH4/02 system were the mass-action rate eqnations defined by the 70 reversible elementary reac- 
tions among 23 species listed by I3TW in theirl'ahle I. (I use thcir nuinhering in rcfcrring to reac- 
tions below.) For comparison, the CHqlO2 systeni was represented by 73 reactions total among 
19 species. This reaction list i s  the CHq/@ subset of a mechanism developed to model tlie CVI) of 
SnOz from (CH3)4Sn and O Z . ~  They dimension i s  normal to both the flow and the substrate in 
the horizontal, laminar-flow reactor; Uiex direction i s  along the flow, and i t  represents tlie temporal 
evolutioii of  the reaction. Inclusion o f  they dimension permitted explicit consideration of the large 
telnvratiire gradients present in tlie reactor along that diniensioli, hy allowing for spatially varying 
rate coefficients. It also facilitated treatment o f  diffusion normal to the substrate, antl direct eva111- 
atioll ofthe deposition rate from the diffusive flux onto tlie growth surface of species which stick 
10 the surface. Details on the coinputational methods are reported elscwhere.6 

Reslills and Discussion 
(:an the IWW mechanism adeqiiately model the I l l  dsti~'! 

the temperatiire of  the hot substrate, as shown in Fig. I; the activatioti energy i s  about 27 kl mol-' 
over the range 742-845 K. The maximum fi lm growth rate i s  weakly hut inversely tlepentlent on 
initial oxygen mixing ratio (always in large excess), as illustrated in Fig. 2. And the maximum 
growth rate i s  strongly dependent on initial silane mixing ratio. as shown in  Fig. 3. I f  the data 
(only threc data points) dcfine a power-law dcpendcnce. the order with respect to silanc is  around 
I 34. Increasing the flow rate pushes the position of the niaxiniuin deposition rate dowiistreain 
and spreads i t  out, without greatly altering the shape of tlie profile. Increasing the temperature o r  
tile wall o f  the reactor increascs the niaxiniuni deposition rate only slightly. and docs 11ot oth- 
elwise alter the shape of the deposition profile.2 

'fhe KIW mechanism led to model deposition profiles which reproduce all of the ahove 
trends, a l k i l  with higher deposition rates and earlier deposition maxima (discussed bcluw). 'llic 
activation energy of the maximum deposition rdte in the inodcl was about 29 kl mol-l over the 
nllge 742-84.7 K. as shown in Fig. I. The peak deposition rate declined slightly hut noticeably 
,lpoll increasing theoxygen inixiiig ratio Cram 1.7% to 25%. ;IS illiislralctl iii I:i& 2. :II~II(III~II Ihis 

'l'he oxidation of  Sill4 I)y 0 2  i s  a reaction of  interest to chemists in the areas of  I)otll con- 

' l l ie first serious attempt to inodel the kinetics of thc oxidation of  silane I)y oxysen came 

This paper focuses 011 a report of the l i lni  growth kinetics o f  such a CVI) process, R reporl 

'llie maxiinurn deposition rate in the prolilcs reported hy 131 is rather weakly tlepentleiit oil 
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inverse relationship .seemed to bottom out thereafter. 'I'he peak deposition rate followed a power 
law of order 1.46 with respect to initial silane mixing ratio, as illustrated in  Pig. 3. Douhling the 
flow rate doubled the downstrcam psilion of the growth maximum and praclically doubIcd thc 
width ofthe deposition profile. Increasing the temperature of the cold wall had virtually no effect 
oIi the model profile. 

Despite the success of the B'IW model i n  capturing the qualitative trends described ahovc. 
the deposition profiles produced by my model simulations did not greatly resenihle the proliles 
p&lislied by EH. (See Fig. 2, which illustrates one of tlie better resemblances between model and 
experiment!) I n  particular, tlie niotlel profiles peaked loo early and too high. To iinderstand this 
discrcpaiicy, it i s  nassary to note that in  all the model simulations preseiited here, the tcinpernturc 
was taken to be constant along the x (flow) direction. Ilia1 is, the short space needed for tlie gases 
to warn1 up to the reactor temperature was neglected. 'lliis simplifying assumptioii facilitated a 
substantial savings in computational effort and time, and significantly enhanced the numerical 
tractability of the model's differential equations. However, it also altered the position and magni- 
tude of the maximum deposition rate from what the model would predict if the development of the 
temperature field had been treated explicitly. The model deposition profiles presented here put the 
inaxiiiiitni deposition rate very close to the reactor inlet, certainly within the warm-up zone. My 
experience with modeling another rapid oxidation of silanes6" suggests that treating the transient 
temperature field explicitly would delay the deposition maximum until  the end of the warm-up 
zone, and spread out the deposition profile somewhat, concomitantly lowering the maximum de- 
position rate by some 30%. Ihereftire, the profiles presented here can he expected to have their 
deposition maxima pushed about 1 cm downstream, spread out, and lowered. These changes 
woultl bring the model profiles into much better agreement with the experimenlal data reporled by 
EH. Rut a rigorous and quantitative comparison must await simulations in which tlie tlevelopmeiit 
of tlic tcnipcrature field along tlic flow dira-tion is explicitly Irealed. 
I l o w  should the mechanism he niodilied? 

modified to reduce the deposition peak and move it downstream. That, I expect, will occnr with 
careful beatment of tlie early temperature field. Still, I considered the EIW mechanism flawed i n  
its treatment of the reaction of the SiH3 radical with @. The BIW mechanism includes several 
pmditct channels for this reaction, all proceeding through an excited adduct "xSiH?q", which is 
included explicitly in  the mechanism. First, the rate constant assigned to formation of the adduct 
(R 16 reverse) is two orders of magnitude greater than gas kinetic. Second. tlie temperature depn- 
dence of the effective BTW rate constant for the overall reaction 
( 1 )  SiH3+02 -+ products 
appears to contradict the only puhlished data on the s ~ b j e c t . ~  

and it% reverse reaction decreased by a factor of I 0 0  had no effect on the model deposition profiles. 
In  fact, decreasing the rate constants by a further factor of SO had a negligible effect. Thus, the 
13'W model results described above were not limited by the value of the rate constant for formation 
of the excited adductxSiH302. 

'he second objection, however, was not so easily resolved. Slagle et al. report a small 
iicgalive activation encrgy for rciction ( I )  over 296-500 K, whereas the effective activahi energy 
in  the BTW mechanism is positive over the same range. I tried replacing all the B'IW reactions in-  
volving excitedxSiH3q with a single direct reaction 

and I assigned to this reaction the rate constant reported by Slagle et al. The resulting model pro- 
files differed negligibly from those discussed above. Thus, not surprisingly, the excited xSiHJ02 
(when it was left in the mechanism) functioned as a flow-through species, at least under the mod- 
eled conditions. But making SiHZO + OH the dominant products of reaction (1)  is at odds with 
reports by Koshi et al. that HSiOOH + H are the major products (at least at rmm temperature and S 
Torr).* The BTW mechanism is actually consistent with the product branching ratio reported by 
Koshi et al., because it assigns a different temperature dependence to the product channels 
HSiOOH + H (R59) and SiHzO + OH (RM)). Thus, the BTW mechanism says that HSiOOH + H 
is the main channel at room temperature but SiH2O + OH at elevated temperatures; but that tem- 
perature dependence conflicts with Slagle et al. The problem is that the model only reproduced the 
EH data well if SiH20 + OH was the dominant channel. Yet i t  did not appear possible to construct 
rate constant expressions consistent with both Slagle et al. and Koshi et al. that also make SiHzO + 
OH the dominant channel at the temperatures employed by M. 
What ilre the principal pathways of the niechuaism? 

Model output included concentralion profiles for every species. 'Thus, it was possible to 
analyze the output to determine which reaction or reactions were primarily responsible for produc- 
ing and consuming each species. Piecing together these primary pathways allowed me to conslruct 
a simplified route from SiH4 via several intermediates to the deposited film. 'I'his sclicnic for Ihe 
H'IW model under EH conditions is shown i n  Fig. 4. 

The scheme amounts to a branching chain reaction propagated by OH and SiHj. SiH4 was 
primarily destmyed by OH in a hydrogen abstraction reaction (reaction R 13). The resulting Sil-13 
radical reacted with 02 via the flow-through intermediatexSiH3Oz to regenerate OH and produce 
SiHzO (R 16 reverse). SiH20 in turn reacted with H2O produced from reaction R13 ahove. yield- 
ing HSiOOH and Hz (R62). Successive removal from HSiOOH of the remaining H atoms by re- 
actions with @ (R65 and R67) produced SiOz, the main film depositing species.' Theoverall re- 
action stoichiometry implied by this sequence (assuming that the HO:! radicals formed in reactions 
R6S and R67 combine to form H2@ and 9) is: 

But in the nicdel, the H@ radicals also provide some branching, for sonic of them can go back to 
abstract hydrogen from SiH4 (R I S), 

. 

From the viewpoint of reproducing the experimental data. the model profiles should he 

The first objection was easily remedied. Running the model with the. rateconslants for R 16 

SiH3 + 0 2  + SiHzO + OH, 

SiH4 + 2 0 2  --f Si@+ HZ + H 2 q .  
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This reduced reaction set (including HO2 sclf-reaction, and supplemented by 
(R22) SiH4 --* SiH2 + H2 
to initiate production of reactive intermediates and by 
(R I 1  reverse) 
to include all the important reactions controlling OH concentration) was sufficient to capture the 
main features of the modeled growth profiles presented above. The dependence of the nlaxinlum 
growth rate on both (lie suhstrate teniperature and the cool wall temperature is small. Its d e p -  
dence on initial oxygen concentration is small (although, unlike the full model and experiment, 
positive). And its dependenceon initial silaneconcentration isclose to 1.5 order. 
I I U W  (lo these pathways differ from those of inethane uxidntion? 

OH + H2 -+ H2O + H 

In one sense, comparing principal pathways of methane oxidation and silane oxidation is a 
bit like comparing apples and oranges, for the two oxidations occur untkr different conditions. 
For example, under the concentration and temperature conditions employed hy EH, methane oxi- 
dation cssentiatly does not occur. To simulate methane tlepletioti conipamhle to the niotlcletl silane 
depletion under conditions of identical reactant concentrations, flow velocity, and temperature gm- 
dient, a substrate temperature nearly 300 degrees greater was necessary. Under such conditions 
the main pathway for carbon-containing species was the familiar sequence: 

CH4 -+ CH3 + CH30 -3 CH2O + CHO ---t CO I + C q l  . 
(The final product was a mixture of CO and C@.) At these temperatures. CH3 association with 
0 2  to reversibly form C H 3 a  was important to the CH3 budget, but i t  was essentially a detour 
Vrom the oxidation path. That is, CHiO was produced mainly by 

rather than in a pathway leading through CH3O2, such as decomposition of CH3OOH. 

conditions. Modeling CH3 oxidation at these lower temperatures showed a different oxidative 
pathway for CH3. Here CH3 rapidly and reversibly associated with 02 .  and the path to further 
oxidation passed through CH&.. via 

Of course generating initial CH3 concentrations equal to the initial SiH4 concentrations employed 
by EH under such mild conditions is unrealistic. Still, the importance of CH3O2 to methyl oxida- 
tion illustrated in this hypothetical case was also seen in the simnlations of ref. Sa, in which much 
smaller CH3 concentrations arose from decomposition of (CH3)dSn under CVD conditions. In 
ref. Sa, the sequence that led to CH3O was: 

Both here and in ref. 5a, the relatively low temperature and substantial pressure favored the asso- 
ciative channel in the reaction between CHI and 02 so much that the chain-branching, oxygen- 
splitting channel to CH30 was only a minor, even negligible, producer of CH30. 

In contrast, neither SiH30 nor a stabilized S i H s q  played an important role in the fate of 
SiH3 in the BTW mechanism under EH conditions or in direct studies of reaction ( I ) .  Several 
groups have reported that reaction ( I )  exhibits no pressnre dependence, at least at the low pres- 
sures (less than 27 Torr) studied; they interpret this pressure independence as evidence that forina- 
tion of a stabilized S i H 3 q  product is While it is quite conceivable that formation of 
S iH39 is negligible at 27 Torr and significant at atmospheric pressure, modeling evidence sug- 
gests that this is not the case. I varied the rate constant for SiH302 formation, and found that when 
it  was a significant channel of the reaction (I) ,  the activation energy of the peak deposition rate was 
much higher than observed by EH. If SiH3O2 played an important role, its decomposition (R36) 
with a substantial activation energy would contribute to the formation of SiHzO and subsequent 
steps on the path to film deposition. Reaction ( I )  is clearly an important step in silane oxidation, 
and further study of i t  is needed, particularly at atmospheric pressure and elevated temperatures. 

Conclusion 

from SiH4 and 0 2  with respect to temperature, reactant concentration, and flow velocity. A rigor- 
ous quantitative comparison of modeled growth profiles to experimental ones must await explicit 
treatment of the transient temperature field near the reactor inlet. The ability of the B’IW mecha- 
nism to model CVD data was not lost by changing its mte of SiH3 association with 02 to form a 
flo~-through’xSiH3@, provided that SiH20 +OH is the ultimate product of the encounter. ’ f ie  
reaction of SiH3 with e is an important step in silane oxidation, and one which differentiates 
silane oxidation from methane oxidation. The B’IW model was consistent with much hut not all 
the available data on the SiH3 + 0 2  reaction. 

CH3 + 9 --t CH3O + 0 ,  

Perhaps a more interesting comparison is to examine the oxidation of rrirrhyl under CVD 

CH3 + CH302 - CH30 + CH3O. 

CH3 2 CH3O2 + CH3OOH - CH30. 

The BTW mechanism qualitatively reproduced trends observed by Eli in the CVD of Si% 
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Fig. 1. Arrhenius plot for the peak deposition rate with respect to substrate temper- 
ature. Closed circles are model data; open circles experimental data. 
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Fig. 2. Model growth profiles under conditions which vary the initial oxygen con- 
centration while keeping the silane concentration constant. Circles without lines are 
model data; circles with lines are experimental data. 
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Fig. 3. Plot lo  determine the order of a possible power law relationship between 
maximum deposition rate and initial silane mixing ratio. Closed circles are model 
data: open circles experimental data. 
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Fig. 4. Major pathways in the BlW mechanism under EH conditions. The solid 
lines represent primary pathways, and the dashed line branching. 
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